To identify the incidence of and risk factors for hypoglycemia in patients with chronic kidney disease (CKD) stage III-V or end stage renal disease (ESRD) treated with intravenous (IV) insulin for hyperkalemia.
Measurements and main results: The primary outcome was the incidence of hypoglycemia during the hospitalization after the administration of insulin for hyperkalemia. Key secondary outcomes included incidence of hypoglycemia within 24 hours of insulin administration and identification of risk factors associated with hypoglycemia. Data collected included patient age, sex, race, history of diabetes, stage of CKD, weight, body mass index (BMI), baseline blood glucose, inciting serum potassium concentration, units of regular insulin administered, and grams of dextrose given with insulin. A total of 235 hospitalizations were included in the final analysis. Sixty-six patients (28.1%) experienced a hypoglycemic event during their hospital encounter. Fifty-three patients (22.6%) had hypoglycemia within 24 hours of insulin administration. The average time to onset of hypoglycemia was 21.2 hours in all patients who experienced hypoglycemia and 6.4 hours in the subset of patients who experienced hypoglycemia within 24 hours of insulin administration. Inciting potassium was significantly higher and baseline blood glucose was significantly lower in the group that experienced hypoglycemia (P = 0.01, P = 0.02, respectively).
Conclusion: Hypoglycemia following treatment for hyperkalemia with IV regular insulin was common in this patient population. Consideration should be given to the development of a comprehensive order set for insulin use in hyperkalemia to include protocol driven glucose monitoring with dextrose administration tailored to baseline glucose levels.
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Hyperkalemia, Hypoglycemia, Insulin, Chronic kidney disease, End stage renal disease Patients with decreased renal function are at an increased risk of experiencing hyperkalemia [1] . As glomerular filtration rate (GFR) decreases, secretion, filtration, and elimination of potassium also declines [2] . Additionally, chronic kidney disease (CKD) patients are frequently on medications that can potentiate hyperkalemia such as renin-angiotensin-aldosterone system (RAAS)-blocking agents [3] . Mild hyperkalemia is often asymptomatic; however, severe potassium elevations can lead to cardiotoxicity and fatal dysrhythmias [4, 5] . Acute management of symptomatic hyperkalemia includes stabilization of the cardiac membrane with intravenous (IV) calcium gluconate and rapid redistribution of potassium to the intracellular space with inhaled or
ReSeARCH ARTiCLe
Check for updates um (mmol/L), units of regular insulin administered, and grams of dextrose given with insulin. Patients' post-insulin glucose values were collected for the remainder of patient's hospitalization.
Outcomes and statistical analysis
The primary outcome was the incidence of hypoglycemia during the patient's hospitalization after the administration of insulin for the treatment of hyperkalemia. Secondary outcomes included the incidence of hypoglycemia within 24 hours of insulin administration and identification of risk factors associated with hypoglycemia. Categorical data was assessed via Chi-squared or Fischer's exact test, as appropriate, and continuous variables were analyzed via student t-test.
Results
A total of 334 encounters where intravenous regular insulin was administered to treat hyperkalemia in patients with CKD Stages III-V or ESRD were identified. After exclusion of 99 encounters ( Table 1) , 235 hospitalizations were examined for the incidence of hypoglycemia and included in the final analysis. These hospitali-IV beta agonists (eg, albuterol) and/or IV regular insulin [4, 5] . The American Heart Association (AHA) guidelines for cardiopulmonary resuscitation and the European Resuscitation Council Guidelines both recommend 10 units of regular insulin for the management of severe hyperkalemia, administered with 25 grams of dextrose to prevent hypoglycemia [4, 5] . Both sets of guidelines recommend blood glucose monitoring after insulin administration but do not specify the frequency or duration of monitoring [4, 5] .
While insulin is an effective treatment for acute hyperkalemia, it is also a high-risk medication due to the potential for hypoglycemia [6] . Insulin undergoes renal elimination, resulting in increased hypoglycemic risk in patients with CKD due to prolonged effects [7] . Previous retrospective studies have shown that nearly 20% of patients with CKD and/or end stage renal disease (ESRD) treated with insulin and dextrose for hyperkalemia experience hypoglycemic events [8] [9] [10] . In one study, hypoglycemia occurred as long as 7.5 hours after insulin administration [10] .
At MUSC Health, there have been numerous anecdotal reports of persistent hypoglycemia in patients with renal dysfunction treated with insulin and dextrose for hyperkalemia. MUSC Health does not currently have standardized protocols for treating hyperkalemia or monitoring blood glucose values after IV insulin administration. This study was conducted to assess the incidence of hypoglycemia at MUSC Health, with the ultimate goal of establishing a protocol to safely and effectively treat hyperkalemia. We also sought to identify additional risk factors for hypoglycemia in this patient population.
Methods

Study design, setting, and patients
This retrospective study was conducted in patients 18 years of age or older with a diagnosis of CKD stage III, IV, V, or ESRD who were treated with regular insulin for a serum potassium ≥ 5 mmol/L between October 1, 2015 and August 16, 2016 at a large academic tertiary care medical center. Patients were identified by ICD-10 codes. Patients were excluded from the study if they did not have a documented blood glucose reading within 24 hours before insulin administration and within 24 hours after insulin administration. Patients with baseline blood glucose values ≤ 70 mg/dL were also excluded. Hypoglycemia was defined as a blood glucose value < 70 mg/dL, and severe hypoglycemia was defined as a blood glucose value < 50 mg/dL.
Data collection
Data were collected via electronic medical record chart review. Data collected included patient age (years), sex, race, history of diabetes, stage of CKD, kidney transplant status, weight (kg), body mass index (BMI) (kg/ m 2 ), baseline blood glucose (mg/dL), inciting potassi- Of the analyzed encounters, 28.1% (n = 66/235) experienced a hypoglycemic event during the encounter, with nadir blood glucose readings ranging from 20 mg/ dL to 69 mg/dL. Of those, 80.3% (53/66) had the episode of hypoglycemia within 24 hours of insulin administration. The incidence of severe hypoglycemia among the 235 analyzed encounters was 9.8% (n = 23/235). These 23 episodes of severe hypoglycemia occurred in a total of 20 patients. Figure 1 , demonstrates the course of blood glucose readings in 17 of the severe hypoglycemia episodes (3 not included due to receiving multi-zations included a total of 206 patients. The number of patients with multiple treatment episodes analyzed are as follows: 14 patients with 2 hospitalizations each, 6 patients with 3 hospitalizations each, and 1 patient with 4 hospitalizations. The doses of insulin and concomitant dextrose use are listed in Table 2 . Insulin doses ranged from 2.5 units to 20 units. The majority of patients received 10 units of insulin (81.3%) and 25 grams of dextrose (82.6%), though there was a small proportion where dextrose was not administered concomitantly with insulin (9.8%). 
Figure 1:
Severe hypoglycemia within 24 hours of insulin administration. The course of blood glucose readings in 17 of 23 encounters with an episode of severe hypoglycemia (blood glucose < 50 mg/dL after insulin administration for the treatment of hyperkalemia). The incidence of severe hypoglycemia was 9.8%. Only 17 of the severe hypoglycemia episodes were analyzed (3 not included due to receiving multiple doses of insulin, 3 not included because the first low blood glucose reading was > 24 hours after insulin administration). These 17 episodes occurred in a total of 13 patients (one patient with 3 separate episodes, 2 patients with 2 separate episodes each, and 10 patients with 1 episode each during the study period). Of the 17 analyzed episodes, the average baseline blood glucose value was 137 mg/dL. Dextrose was administered concomitantly with insulin at a dose of 50 grams for 1 episode, 25 grams for 15 episodes, and no dextrose was administered in one episode.
of 10 units of regular insulin intravenously for the treatment of hyperkalemia, given with 25 grams of dextrose to prevent hypoglycemia [4, 5] . However, several small studies have identified varying rates of hypoglycemia after treatment with insulin for hyperkalemia even with concomitant dextrose administration [8] [9] [10] . Pierce, et al. specifically studied the rates of hypoglycemia in patients with low estimated glomerular filtration rates treated with either low-dose (5 units) or high-dose (10 units) insulin [10] . The study demonstrated an overall 18.1% rate of hypoglycemia and no difference in this rate between high or low doses of insulin in patients with low eGFR (16.7% in the high dose group versus 19.7% in the low-dose group, P = 0.79) [10] . In response to a number of hypoglycemic events at MUSC Health, this study was designed to investigate potential risk factors for the development of hypoglycemia after treatment with insulin in CKD Stage III-V and ESRD patients and to determine if a specific protocol is needed in this population.
Results demonstrated a 28.1% overall rate of hypoglycemia in this study, and the rate of severe hypoglycemia was 9.8%, despite the large majority having received dextrose concomitantly with insulin (95.5%, n = 63/66). Most received 25 grams of dextrose (84.8%, n = 56/66). Initial blood glucose concentrations in those who developed hypoglycemia ranged from 71 mg/ dL to 454 mg/dL, with a mean baseline blood glucose significantly lower than the mean baseline blood glucose in the group who did not experience hypoglycemia. Though not statistically significant when compared to patients who did not experience a hypoglycemic effect, the patients who developed hypoglycemia tended to be older and weigh less, with a higher percentage that were African Americans with CKD Stage V; fewer patients had history of diabetes. There was wide variability in the timing and frequency of blood glucose monitoring before and after insulin administration. Nil per os (NPO) or nothing by mouth status was not examined in this study and could potentiate hypoglycemia in this patient population.
To improve hypoglycemia rates, consideration should be given to the development of a computerized order set for the use of intravenous regular insulin for the treatment of hyperkalemia that would include a standard schedule for glucose monitoring and options for dextrose dosing that depend on baseline blood glucose values. In addition, more stringent glucose monitoring for at least the first 7 hours after insulin administration given the average time to onset of 6.4 hours in the subset of patients who experienced hypoglycemia within the first 24 hours is warranted.
There were several limitations within this study. First, the study was designed as a retrospective chart review at a single academic medical center for a limited duration of time with a small number of patients ple doses of insulin, 3 not included because the first low blood glucose reading was > 24 hours after insulin administration). The average time to onset of hypoglycemia was 21.2 hours in all patients who experienced hypoglycemia and 6.4 hours in the subset of patients who experienced hypoglycemia within 24 hours of insulin administration. Over half of the patients who experienced hypoglycemia required treatment to correct blood glucose levels (53%, n = 35/66).
Baseline characteristics between patients who did not experience an episode of hypoglycemia during the encounter and those that did were relatively well matched (Table 3) . Most patients were classified as CKD Stage V (Figure 2) . Notably, 12% of patients were either pre-or post-kidney transplant. There was no significant difference in mean age, percentage of male gender, percentage of African American, history of diabetes, Stage V CKD, mean weight, or mean BMI (Table  3 ). However, there was a significant difference in inciting potassium concentration between the two groups (mean 6.4 mmol/L in the non-hypoglycemic group versus mean 6.6 mmol/L in the hypoglycemic group, P= 0.01). Additionally, there was a significant difference in the baseline blood glucose values (mean 187.3 mg/dL in the group who did not experience hypoglycemia versus mean 136.6 mg/dL in the group who did experience hypoglycemia, P = 0.02). Most patients who experienced hypoglycemia received 25 grams of dextrose with the insulin dose (83.3%, n = 56/66) and only one patient received no dextrose with the insulin dose.
Discussion
Treatment of patients with hyperkalemia, a common complication in CKD Stages III-V or ESRD, with regular insulin is often associated with the development of hypoglycemia. Published guidelines recommend a dose in each group, which limits the ability to detect a difference between the groups. As a retrospective chart review, the study depended on complete and accurate documentation within the electronic medical record and underreporting of any values could have affected study results. Secondly, given the lack of protocoled treatment at the institution, there was a wide variability in the dosing of insulin, dosing of dextrose, and timing of blood glucose measurements. Such variability made it difficult to determine when hypoglycemia truly occurred and potentially affected the determination of incidence. We reported the rate of hypoglycemia throughout the patient's hospitalization, likely over-estimating hypoglycemia directly resulting from hyperkalemia treatment. In addition, the change in potassium concentrations was not studied between the 2 groups, other hyperkalemia treatments were not noted, and confounding factors such as additional insulin and dextrose administration were not recorded. Third, patients without glucose values before and after insulin administration for hyperkalemia were excluded. This may be a source of bias that potentially overestimates or underestimates the risk of hypoglycemia following insulin administration. Finally, the study did not assess the duration of hypoglycemic episodes due, in part, to the fact that the timing of blood glucose measurements was not standardized.
Conclusion
The complication of hypoglycemia in CKD Stages III-V or ESRD patients treated with regular insulin for hyperkalemia was a common occurrence in this study. Additionally, several of the patients studied developed hypoglycemia on multiple encounters after treatment with regular insulin suggesting that they have risk factors leading to these recurrent episodes. Though there was only a significant difference in the inciting potassium level and baseline blood glucose values between the group who experienced hypoglycemia and those who did not, the results of the study are still telling. Current practice at MUSC Health has an opportunity to incorporate protocols for the standardization in both insulin/dextrose dosing administration and in follow-up glucose monitoring. Development of a protocol could help to minimize hypoglycemia risk. Given patient variability and the wide range of baseline blood glucose values seen in this patient population, focus on sufficient dextrose dosing dependent on baseline blood glu-
